Introduction
============

Hepatocellular carcinoma (HCC) is the third-leading cause of cancer-related deaths globally. Despite improvements in diagnostic and therapeutic approaches, the 5-year survival rate of this cancer is only 7% with a high resistance of HCC to chemotherapy.^[@bib1]^

Hypoxia has an important and complex role in mediating and regulating the progression of the tumor from a microinvasive to metastatic cancer.^[@bib2],\ [@bib3],\ [@bib4]^ Unlike normal cells, tumor cells can remain viable in hypoxic environments.^[@bib5]^ Tumor hypoxia favors the development of metastases resulting in poor survival in patients suffering from various solid tumors.^[@bib2],\ [@bib3],\ [@bib4]^

HCC is a highly angiogenic cancer containing areas of hypoxia. Hypoxia may promote HCC growth, progression and resistance to ionizing radiation and chemotherapeutic drugs.^[@bib4],\ [@bib6]^ The ongoing development of hypoxic regions in growing tumors provides an opportunity for tumor-selective therapies based on the unique features of hypoxia-induced cell responses.

The adaptive response to hypoxia is orchestrated by a family of transcription factors such as the hypoxia-inducible factors 1 (HIF-1) and 2 (HIF-2), cyclic AMP-response-element binding protein (CREB).^[@bib7],\ [@bib8]^

HIF-1 is a heterodimeric transcription factor that is composed of an O~2~-regulated HIF-1α and constitutively expressed HIF-1β subunits. In the presence of O~2~, HIF-1 and HIF-2 are subjected to hydroxylation by prolyl-4-hydroxylase domain proteins and are degraded. Under hypoxic conditions, the rate of hydroxylation declines and the non-hydroxylated proteins accumulate.^[@bib9]^ HIF-1 and HIF-2 bind to hypoxia-response elements (HREs), thereby activating the expression of numerous hypoxia-response genes that are implicated in events such as angiogenesis, cell survival/death, metabolism, migration and metastasis.^[@bib7]^ Knockdown of HIF-1 in HCC cells by a replication-incompetent adenovector expressing small hairpin RNA (shRNA) targeting HIF-1 abolished cell growth and angiogenesis *in vitro*.^[@bib10]^ Although HIF-1α and HIF-2α are highly conserved at the protein level, it was shown that HIF-1 and HIF-2 have distinct, tissue-specific expression patterns.^[@bib11],\ [@bib12],\ [@bib13]^

CREB has crucial roles in cell differentiation, proliferation, cell cycle progression, survival, development and glucose metabolism.^[@bib14],\ [@bib15]^ Following activation, CREB regulates the expression of genes that suppress apoptosis, induce cell proliferation, regulate metabolism and mediate inflammation and tumor metastasis by binding to the CRE element 5′-TGACGTCA-3′.^[@bib15]^ It was demonstrated in various tumors that CREB promotes tumor progression and resistance to therapy and functions as a survival factor.^[@bib2],\ [@bib16],\ [@bib17],\ [@bib18]^ Recently, Park *et al.*^[@bib19]^ demonstrated that CREB blockade by decoy oligonucleotides functionally inhibited transactivation of CREB, and significantly increased radiosensitivity of multiple human cancer cell lines. We have previously shown that CREB has a pivotal role in the response of HCC to hypoxia cue.^[@bib2]^ Kovach *et al.*^[@bib20]^ also found that total CREB and phosphorylated CREB proteins were both significantly elevated in HCC vs normal liver. Recently it was suggested that the activation of the CREB protein may be associated with tumor progression in HCC, and may serve as a valuable marker of prognosis for patients with this malignancy.^[@bib21]^

A variety of gene therapy approaches for cancer have failed because it was not possible to achieve effective and specific gene delivery *in vivo* to the tumors.^[@bib22],\ [@bib23],\ [@bib24],\ [@bib25],\ [@bib26]^ Selective infection of tumor cells by replication-competent viruses, combined with transfer of antitumoral genes is an attractive strategy for cancer therapy. Such an approach may overcome the limitations revealed in clinical trials with replication-incompetent vector systems that have shown that efficient therapy requires wide or complete dispersion of the antitumoral gene within the tumor tissue.

In the last several years, effective gene delivery was achieved by the use murine leukemia virus (MuLV)-based replication-competent retroviruses (RCR).^[@bib27]^ MuLV-derived RCRs have a strict requirement for cell division, because of an absence of a nuclear localization signal for active transport across intact nuclear membranes in quiescent cells; infection is innately restricted to propagating cells.^[@bib28],\ [@bib29]^ As most normal cells in the body are quiescent, RCRs-mediated gene transfer *in vivo* is largely restricted to the rapidly growing cells of malignant tumors. These viruses infect cells without a known cytopathic effect, spread through tissues, and stably integrate their genome into that of the host cell offering a unique potential for persistence of the virus and a permanent antitumoral effect.^[@bib29],\ [@bib30],\ [@bib31]^ It was demonstrated that RCRs are capable of achieving highly efficient replicative spread and gene delivery throughout solid tumors *in vivo* and are carried to developing metastases.^[@bib32],\ [@bib33]^

Viral delivery of shRNA presents an efficient system for *in vivo* delivery of RNAi therapeutics that enables the RNAi therapeutic to traverse biological barriers *in vivo*.^[@bib34]^ In this work we combine the efficient and selective infectivity of propagating cells by the MuLV with the specific knockdown function of shRNA to target individually or simultaneously the three regulators of hypoxia-responding genes: HIF-1, HIF-2 and CREB. Expression of a versatile multiple shRNA cassettes targeting several genes involved in the response to one stress is an efficient way to abrogate cellular responses.^[@bib35],\ [@bib36]^ Because MuLV-infected cells cannot be re-infected by MuLV, the expression of the three shRNAs from one virus should overcome this limitation and lead to the expression of the three shRNAs in each infected cell.

Doxorubicin (DOX) is a chemotherapeutic agent of the topoisomerase inhibitor family that is widely used for the treatment of cancers. Its use is associated with severe known side effects including congestive heart failure, which may lead to severe cardiomyopathy and death. Moreover, it was shown that combining inhibition of CREB phosphorylation with DOX treatment was significantly more effective in HepG2 (ref. [@bib37]) and mesotheliomas.^[@bib38]^ It was demonstrated that DOX impairs the cellular hypoxia responses via impairment of the transcriptional response of HIF-1.^[@bib39]^ In this study, we demonstrate that knockdown of CREB and HIF-1 in combination with treatment with DOX improves the killing of HepG2 cells in hypoxia. This finding may lead to a reduction in the DOX-effective clinical dose and thus diminish the harmful side effects induced by DOX treatment.^[@bib39],\ [@bib40]^

Materials and methods
=====================

Cell culture
------------

Human HCC HepG2 and FLC4 cell lines (verified by STR analysis) were grown in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum, 2 m[m]{.smallcaps} glutamine, 100 IU ml^−1^ penicillin, 100 μg ml^−1^ streptomycin (Biological Industries, Beit Haemek, Israel) and incubated at 37 °C in a humidified atmosphere with 5% CO~2~. To culture cells in hypoxia, the cells were incubated in hypoxia jars at 0.5% O~2~ (AnaeroGen Oxoid, ThermoFisher Scientific, Waltham, MA, USA).

Plasmids and viruses
--------------------

The plasmid pACE-GFP (a kind gift from Professor Noriyuki Kasahara, Los Angeles, California) contains a full-length replication-competent amphotropic MuLV provirus with an additional internal ribosome entry site (IRES)-GFP cassette flanked with *Bsi*WI and *Not*1 restriction enzymes sites. This cassette was replaced by oligonucleotides harboring the H1 promoter driving the transcription of one of the following shRNA sequences:

5′-GAGAGAGGTCCGTCTAATGTTCAAGAGACATTAGACGGACCTCTCTCTTTTT-3′(pACE-CREB). 5′-CTAACTGGACACAGTGTGTTTAATATATGAAAACACACTGTGTCCAGTTAGTTTTTT-3′ (pACE-HIF-1). 5′-ATTAAAGTATTCTGATCCGATTATAAAGGATCAGAATACTTTAATAAGTTTTTT-3′ (pACE-HIF-2). 5′-CTAACTGGACACAGTGTGTTTAATATATGAAAACACACT GTGTCCAGTTAGTAAGTCGACTCGCTTATTAAAGTATTC TGATCCGATTATAAAGGATCAGAATACTTTAATAAGAATGGCGCGTCTTC GAGAGAGGTCCGTCTAATGCCTGAACCACATTAGACGGACCTCTCTCTTTTTT -3′ (pACE-X3). This vector includes shRNA targeting CREB, HIF-1 and HIF-2. 5′-ACCAAGATGAAGAGCACCAACCTGAACCATTGGTGCTCTTCATCTTGGTTTTTTT-3′ (pACE-NT. Non-target shRNA). See [Figure 1](#fig1){ref-type="fig"} for a schematic presentation of the vectors.

Virus production
----------------

HEK293T cells were transiently transfected with either one of the plasmids, described above and in [Figure 1](#fig1){ref-type="fig"}, using FuGENE HD (Promega Corp., Madison, WI, USA). The medium was harvested 48 h later, filtered (MILLEX-HV, PVDF 0.45 μm) and stored at −80 °C.

Western blot analysis
---------------------

Equal amounts of total protein were prepared in Laemmli sodium dodecyl sulfate loading buffer, resolved on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to PVDF membranes (Millipore, Billerica, MA, USA). For detection of CREB, HIF-1 or HIF-2, membranes were blocked for half an hour in TBS-T (20 m[m]{.smallcaps} Tris pH 7.4, 150 m[m]{.smallcaps} NaCl, 0.1% Tween-20) containing 5% skim milk (Difco, Franklin Lake, NJ, USA) and incubated overnight (4 °C) with either CREB (Santa Cruz, Dallas, TX, USA), HIF-1 (Abcam, Cambridge, MA, USA), HIF-2 (Novus Biologicals, Littleton, CO, USA) or α-tubulin (Santa Cruz) primary antibodies. The blots were washed, incubated with a secondary horseradish peroxidase (HRP)-conjugated antibody (Promega Corp.) for 1 h, then washed again and were visualized using the enhanced chemiluminescence system (Promega Corp.). Blots were scanned by the MiniBIS Pro (DNR, Jerusalem, Israel), and band intensities were quantified by the TINA 20 program (Raytest, Straubenhardt, Germany).

Quantitative real-time PCR
--------------------------

RNA was extracted from the cells using the SV Total RNA isolation System (Promega Corp.), according to the manufacturer\'s instructions. The purified RNA samples were subjected to reverse transcription using GoScript (Promega Corp.), monitored by quantitative 7900HT real-time PCR apparatus (Applied Biosystems by Life Technologies Corp., Carlsbad, CA, USA) utilizing the GoTaq Real-Time PCR reagents (Promega Corp.) and the specific primers: CREB: fp- 5′-CCCAGCACTTCCTACACAGCCTGC-3′, rp5′-CGAGCTGCTTCCUGTTCTT CATTAGACG-3′, HIF-1: fp5′-GGGATTAACTCAGTTGAACTAACTGG-3′, rp5′-CCTTTTTCACAAGGCCATTTCTGTGTG**-**3′, HIF-2: fp5′-ACAAGGTGTCAG GCATGGCAAGC-3′, rp5′-CGTTCACCTCACAGTCATATCTGG-3′. The results were normalized to the cellular house-keeping gene GAPDH: fp5′-CCATCTTCCAGGA GCGAGATCC-3′, rp5′-GCAAATGAGCCCCAGCTTCTCC-3′.

Luciferase assay
----------------

HepG2 cells were infected with vACE-HIF-1, vACE-HIF-2, vACE-CREB, vACE-X3 or vACE-NT and seeded in 6-well plates at a concentration of 500 000 cells per well for 24 h. The infected cells were co-transfected (3 μg DNA) with either the CRE-mediated luciferase (*luc*) reporter plasmid vector, pCREluc^[@bib2]^ or by the HRE-controlled *luc* gene reporter plasmid^[@bib41]^ together with 0.25 μg of an expression vector expressing the Renilla luciferase gene, phRLSV40, as a transfection control (Promega Corp.) using FuGENE HD (Promega Corp.). Each experimental procedure was performed with five biological repeats and three technical repeats. Luciferase activity was determined in triplicates 48 h post transfection, according to the manufacturer\'s instructions (Dual Luciferase reporter assay system, Promega Corp.) by an automatic Mithras LB 940 photoluminometer (Berthold Technologies, Oak Ridge, TN, USA). The results were normalized to Renilla luciferase activity.

VEGF expression assay
---------------------

Infected HepG2 cells with either one of the viruses mentioned above were seeded at a concentration of 3000 cells per well in 96-well plates and incubated at normoxic and hypoxic conditions for 24 h (five biological repeats). The supernatant vascular endothelial growth factor (VEGF) levels were quantified by enzyme-linked immunosorbent assays following the manufacturers\' instructions (R&D Systems, Minneapolis, MN, USA) in three technical repeats. VEGF levels were normalized to the cell count and to the VEGF levels from cells infected with vACE-NT.

Cell viability and activation of caspase-3
------------------------------------------

Infected cells with one of the recombinant viruses mentioned above were seeded at a concentration of 3000 cells per well in 96-well plates (six biological repeats) and incubated at normoxic and hypoxic conditions up to 72 h. At the indicated time points, cell\'s viability and caspase-3 activity was determined by the Fluorescent Cell Viability and Caspase-Glo 3/7 Assays (Promega Corp.) according to the manufacturer\'s instructions with three technical repeats.

Xenograft mouse model
---------------------

The animal protocol used in this study was approved by the IACUC of the Hebrew University of Jerusalem. HepG2 and FLC4 cells infected with either one of the recombinant viruses were harvested and 4 × 10^6^ cells in 100 μl were injected subcutaneously (SC) above the foreleg of severe combined immunodeficiency (SCID) mice (C.B-17/ICRHSD-PRKDC-SCID) weighing 20--24g (about 3 weeks of age), five mice in each group to allow descriptive statistics. Animals (males and females) were randomly assigned to each treatment group, keeping an even distribution of sexes between groups. DOX (20--75 mg kg^−1^) was administered intraperitoneal (IP) twice weekly starting at 14 days post inoculation of the cells. Tumor growth was monitored following IP injection of [d]{.smallcaps}-luciferin 300 mg 0.1cc^−1^ per mouse (Promega Corp.) 10 min before imaging. Mice were anesthetized with isoflurane and bioluminescence was measured with the IVIS *InVivo* System (Caliper Life Sciences, Waltham, MA, USA). No animals were excluded from the analysis, and there was no blinding during the experiments.

Immunohistochemistry
--------------------

Prior to euthanasia, mice were injected IP with Hypoxyprobe (Hypoxyprobe, Burlington, MA, USA) according to the manufacturer\'s instructions. After excision, tumors were photographed, measured and fixed in 4% formaldehyde for routine processing and embedding. Four-micron thick sections were cut and stained with hematoxylin--eosin. For light microscopic immunohistochemistry, paraffin sections were cut at 4 μm. Slides were deparaffinized using xylene and absolute ethanol, rinsed in distilled water, exposed to H~2~O~2~ for 5 min or antigen unmasking. The antigen unmasking solution (citrate buffer, Thermo Scientific, Fremont, CA, USA) was heated in a steamer to 105 °C for 10 min, then cooled to room temperature. The sections were rinsed with PBS IHC for 2 min (CELL Marque, Rocklin, CA, USA) and blocked with CAS-Block for 5 min (Invitrogen, Paisley, UK). Slides were rinsed with PBS IHC and reacted with primary antibodies targeting CD34 (Abcam), and FITC-MAb1 (Hypoxyprobe) followed by a rinse in PBS IHC and reaction with secondary antibodies: MACH-2 rabbit HRP-Polymer (Biocare Medical, Concord, CA, USA) and HRP linked to rabbit anti-FITC, accordingly. Sections were rinsed with PBS IHC and incubated with AEC (CELL Marque) for 10 min. Sections were rinsed in distilled water and PBS IHC and counterstained with Mayer\'s hematoxylin, and coverslipped with a permanent mounting medium (AquaSlip, American MasterTech, Lodi, CA, USA).

Slides were photographed with a Nikon ECLIPSE Ti microscope. A grid of 19 × 14 square regions of interest (ROIs) measuring 405 × 405 μm each covering the entire scanned image. A mask of the secondary antibody pixels was created using ImagePro 9 (Media Cybernetics, Rockville, MD, USA), and the number of pixels per ROI was counted. Pixel count from matching ROIs was correlated between endothelial cells and hypoxia over the entire section for each slide. ROIs with a hypoxia pixel count over the background level were labeled 'hypoxic\', and the rest were labeled 'normoxic\'.

Statistical analysis
--------------------

*In vitro* experiments with at least three biological and three technical repeats for each data point yield sufficient statistical power. For animal experiments we chose five animals per group to allow descriptive statistics on the one hand while minimizing the use of animals to accommodate the ethical restrictions on the other hand.

Statistical analysis was performed with JMP 12.0 (SAS, Cary, NC, USA). Analysis of variance was used to compare messenger RNA (mRNA) levels, luciferase activity in relative light units and the relative VEGF enzyme linked immunosorbent assays (ELISA) expression levels. Multivariate analysis of variance for repeated measures was used to compare the cell viability, caspase-3 activity (Figure 3) and the growth rates of the tumors within the mice (Figure 4). Analysis of variance and Dunn\'s Multiple Comparison (vACE-NT served as control) were used to compare viability and caspase-3 activity levels at the last time point (Figure 3 and [Supplementary Figures 1 and 2](#sup1){ref-type="supplementary-material"}). A pairwise two-tailed correlation between CD34 and HypoxyProbe pixel counts was performed and the correlation coefficient was compared between hypoxic and normoxic ROIs (Figure 5). The variance was similar between the compared groups.

Results
=======

Construction and functional analyses of MuLV replication-competent viruses expressing shRNA targeting hypoxia-responsive transcription factors
----------------------------------------------------------------------------------------------------------------------------------------------

Two of the features that characterize tumors are tumor cells replication and ongoing development of hypoxic regions. These two characteristics served us in constructing vectors that will infect only dividing cells and harm only hypoxic cells. To achieve this goal, we constructed MuLV-based RCRs expressing shRNAs targeting the major regulators of the cellular responses to hypoxia. More specifically, we replaced the GFP coding region in the plasmid vector pACE-GFP^[@bib33]^ with an H1 promoter and sequences of shRNAs targeting either CREB, HIF-1 or HIF-2 (pACE-CREB, pACE-HIF-1 and pACE-HIF-2, respectively) or transcribing a non-target sequence (pACE-NT) as a control. Because MuLV-infected cells cannot be re-infected by MuLV, and we aim to knockdown all three regulators in each cell, we cloned a sequence harboring a polycistronic RNA molecule coding for shRNA targeting all three genes (pACE-X3) ([Figure 1](#fig1){ref-type="fig"}).

To determine if infection with the recombinant RCRs will generate a knockdown infection, we produced viral particles by transfection of HEK293T cells with the recombinant plasmid vectors (see above) and the virus particles were collected with the growth media 48 h post transfection. On the basis of monitoring GFP-producing cells following infection by vACE-GFP (results not shown), both the HepG2 and the FLC4 cells were infected for about 2 weeks to reach a fully infected culture. The efficiency of knockdown of HIF-1, HIF-2 or CREB was determined by RT-qPCR and western blot analyses. The assays were carried out following incubation of the cells for 24 h in hypoxic conditions to determine the knockdown of HIF-1 and HIF-2. As infection with non-target shRNA (vACE-NT) did not change significantly, the expression of any of the three tested genes relative to non-infected cells and knockdown efficiencies by the other viruses was compared with those in cells infected with vACE-NT and with a control gene, *GAPDH*.

The levels of CREB mRNA in HepG2 and FLC4 cells infected with vACE-CREB were reduced by 65% and 95% and the CREB protein by 61% and 63%, respectively. The knockdown of HIF-1 and HIF-2 in cells infected with either vACE-HIF-1 or vACE-HIF-2 was very efficient in HepG2 cells: 81--83% reduction of the mRNA and 62 and 78% of the HIF-1 and HIF-2 proteins. A similar reduction was found in FLC4 cells: 90% and 92% of mRNA and 68% and 49% of HIF-1 and HIF-2 proteins, respectively. Although less efficient than in cells infected with RCR targeting each gene individually, infection with the RCR expressing the multi-shRNA, vACE-X3 resulted in a reduction of CREB mRNA by 47% and 95% and the CREB protein by 66% and 68%, for HepG2 and FLC4, respectively. The reduction of HIF-1 and of HIF-2 mRNAs and proteins in vACE-X3-infected HepG2 cells was 52% and 48% in the mRNA of both genes and 40% and 41% in the protein level, respectively. In FLC4 vACE-X3-infected cells, the reduction of HIF-1 mRNA and protein level was 81% and 54%, respectively. The reduction of HIF-2 mRNA and protein level was 81% and 56%, respectively. ([Figure 2](#fig2){ref-type="fig"}). The effective downregulation of the mRNAs does not always correlate to a similar reduction in the protein levels probably due to differences in the stability of the proteins in the two cell lines.

The effect of the knockdown of HIF-1, HIF-2 and CREB on the expression of CRE- and HRE-mediated gene expression
---------------------------------------------------------------------------------------------------------------

To monitor the effect of the virus-mediated knockdown of CREB, HIF-1 and HIF-2 on activation of downstream genes in the stably infected HepG2 cells with one of the four RCR viruses (vACE-CREB, vACE-HIF-1, vACE-HIF-2 or vACE-X3), cells were transfected with either plasmid pCREluc, CRE-mediated luciferase gene expression or pHREluc in which *luc* gene expression is activated by either HIF-1 or HIF-2. Luciferase activity was determined in normoxia and hypoxia 48 h post transfection. As expected, reduction of 61% in CREB or 62% in HIF-1 proteins ([Figures 2d and e](#fig2){ref-type="fig"}) resulted in reduction of 88% and 80% in CRE or HRE-mediated *luc* activity, respectively ([Figure 2h](#fig2){ref-type="fig"}). In cells infected with vACE-X3, CRE- or HRE-mediated Luc activity was reduced by more than 50% ([Figure 2h](#fig2){ref-type="fig"}). This result correlates with the less efficient knockdown of CREB and HIF-1 by vACE-X3 relative to the viruses expressing either one of the shRNA individually ([Figures 2d and e](#fig2){ref-type="fig"}). Knocking down HIF-2 did not reduce the expression of HRE-mediated *luc* relative to cells infected with vACE-NT. Because HIF-1 and HIF-2 recognize the same activation domain, HRE, the HRE-mediated *luc* expression in cells infected with vACE-HIF-2 might have been activated by the more efficient HIF-1.

The role of HIF-1, HIF-2 and CREB in the secretion of endogenous VEGF in hypoxia
--------------------------------------------------------------------------------

In response to hypoxia, solid tumors stimulate tumor angiogenesis through HIF-induced expression of proangiogenic factors. One of the HIF-1- and CREB-activated proangiogenic growth factors is the VEGF.^[@bib42],\ [@bib43],\ [@bib44],\ [@bib45]^

To monitor the effect of the functionality of the CREB, HIF-1 and 2 on VEGF in stably infected HepG2 cells with one of the four RCR viruses (vACE-CREB, vACE-HIF-1, vACE-HIF-2 or vACE-X3), the cells were cultured in normoxic and hypoxic conditions for 24 h ([Figure 2i](#fig2){ref-type="fig"}).

Targeting either CREB or HIF-1 (vACE-CREB and vACE-HIF-1) diminished VEGF expression in HepG2 cells by 45% each ([Figure 2i](#fig2){ref-type="fig"}) at hypoxia vs normoxia. However, targeting HIF-2 had only a minor impact on VEGF expression in these cells. Targeting all three genes with the vACE-X3 showed a combined effect reducing the expression of VEGF by 58%. This result is consistent with the finding that both CREB and HIF-1 regulate VEGF expression in hypoxia.

The role of CREB, HIF-1 and HIF-2 in protecting HepG2 and FLC4 cells from hypoxia-induced apoptosis
---------------------------------------------------------------------------------------------------

We next analysed the contribution of each of the three transcription factors to the survival of HepG2 and FLC4 in hypoxia. Cells stably infected with MuLV expressing shRNAs targeting CREB, HIF-1, HIF-2 or with the virus expressing the polycistronic shRNA cassette (X3) were incubated up to 72 h under either normoxic or hypoxic conditions. At different time points during cells growth, cell viability, relative to time zero and caspase-3 activation relative to living cells at each time point and to time zero were determined ([Supplementary Figures 1 and 2](#sup1){ref-type="supplementary-material"}). At 72 h of hypoxia, only about 27% of HepG2 and 41% FLC4 cells infected with vACE-CREB survived the hypoxia cue, whereas 56% of HepG2 and 98% of FLC4 cells infected with vACE-NT was observed ([Figures 3a and b](#fig3){ref-type="fig"}). This indicates that FLC4 cells tolerate hypoxia better than HepG2 cells. Knockdown of HIF-1 had a smaller effect than knockdown of CREB on the survival of HepG2 cells in hypoxia (44% vs 27% survived). In FLC4 after 72 h of hypoxia the knockdown of either CREB or HIF-1 had a similar effect on their survival (35% vs 41%) ([Figure 3b](#fig3){ref-type="fig"}). Exposure of HepG2 cells infected with vACE-HIF-2 to 72 h of hypoxia had no significant effect on survival of these cells relative to cells infected with vACE-NT ([Figure 3](#fig3){ref-type="fig"}). While vACE-HIF-2-infected FLC4 cells showed a 48% reduction in cell viability in hypoxia. It is therefore not surprising that knockdown of all three transcription factors by vACE-X3 diminished survival of FLC4 cell (23% remained) more than its effect on HepG2 cells (40%) (*P*\<0.01 for all comparisons). The increase in cell mortality ( × 2) of cells with diminished CREB relative to cells infected with vACE-NT correlates with the increase in activated caspase-3 in HepG2 ( × 11) and in FLC4 ( × 3) cells, relative to time zero. Knockdown of HIF-1 had a lesser but still significant effect on the activation of caspase-3 in the cells ([Figure 3](#fig3){ref-type="fig"}, [Supplementary Figures 1 and 2](#sup1){ref-type="supplementary-material"}). Knockdown of HIF-2 did not affect the activation of caspase-3 in both cell lines. Infection with vACE-X3 that barely affected the activation of caspase-3 in HepG2, had a marked effect in FLC4 cells (*P*\<0.001), in correlation with cell death (see above; [Figure 3](#fig3){ref-type="fig"}, [Supplementary Figures 1 and 2](#sup1){ref-type="supplementary-material"}).

The results presented here indicate that CREB, more than HIF-1 and HIF-2, has a pivotal role in the survival of HepG2 in hypoxic conditions *in vitro*, whereas in FLC4 CREB and HIF-1 have a similar role.

The effect of combined treatment by RCR-mediated knockdown of hypoxia-responding control elements and drug treatment on cell survival
-------------------------------------------------------------------------------------------------------------------------------------

DOX-induced tumor cell death was linked with both CREB and HIF-1 pathways.^[@bib37],\ [@bib39]^ We hypothesized that combining the knockdown of the hypoxia-responding factors with DOX treatment would have a synergistic effect and may reduce the effective clinical dose of DOX and thus diminish the side effects of the drug. To test this hypothesis, we measured survival of RCR-infected HCC cells treated with varying concentrations of DOX and determined the minimal lethal dose of DOX on HepG2 and FLC4 tumor cells. The cells were treated with increasing concentrations of DOX and cultivated in normoxic or hypoxic conditions. On the basis of these experiments (not shown), HepG2 and FLC4 cells expressing the various shRNAs were treated with 1μ[m]{.smallcaps} DOX, the minimal concentration that diminished the growth of the treated cells in normoxia. Cell viability and caspase-3 activation following treatment with DOX were similar in cells infected with the various RCRs in normoxia ([Figure 3](#fig3){ref-type="fig"}, black columns, [Supplementary Figures 1b and 2b](#sup1){ref-type="supplementary-material"}).

In normoxic conditions, 72 h after administering DOX, cell viability decreased by 27% and 52% in HepG2 and FLC4 cells infected with vACE-NT, respectively. At the same time caspase-3 activation in HepG2 and in FLC4 increased by 35- and 24-fold, respectively ([Figure 3](#fig3){ref-type="fig"}, black columns). At normoxia knockdown of CREB, HIF-1 and HIF-2 did not contribute to cell death or caspase-3 activation induced by DOX.

As described above at 72 h of hypoxia, knockdown of CREB reduced the viability of the two HCC cell lines reaching mortality of 73% of HepG2 and 48% of FLC4, relative to time zero ([Figure 3](#fig3){ref-type="fig"}). Combining hypoxia and treatment with DOX of these infected cells resulted in a decrease of 87% in the viability of HepG2 and of 65% of FLC4-infected cells ([Figure 3](#fig3){ref-type="fig"} and [Supplementary Figures 1c and 2c](#sup1){ref-type="supplementary-material"}). The increase of caspase-3 activity correlated with the mortality of the treated cells. FLC4 cells showed a milder response than HepG2 to the combined treatment of CREB knockdown and DOX in hypoxic conditions. The effect of DOX treatment of HepG2 cells and FLC4 infected with vACE-CREB in hypoxia was 5 and 1.6 times, respectively, relative to vACE-NT-infected treated cells. In both cell lines we see an additive effect to the combination of hypoxia and CREB knockdown.

Knockdown of HIF-1 had no additive effect in combination with DOX in normoxia in both cell lines ([Figure 3](#fig3){ref-type="fig"}). In hypoxia, FLC4 cells were more sensitive than HepG2 to the combined treatment of knockdown of HIF-1 and DOX. In hypoxia, only 21% of the vACE-HIF-1 FLC4-infected cells survived the combined treatment (vs 74% of vACE-NT infected cells), whereas 46% of the HepG2-infected cells survived DOX treatment similar to HepG2 cells infected with vACE-NT (50%). The changes in caspase-3 correlated the changes in survival under these conditions. Similar to the different sensitivity of the two cells lines to HIF-2 knockdown in hypoxia, combination of DOX and vACE-HIF-2 infection had no additive effect on HepG2 cells, but had an effect on FLC4 cells (43% survival vs 74% survival of vACE-NT-infected cells), without a matching significant effect on the activation of caspase-3 ([Figure 3](#fig3){ref-type="fig"}).

Treatment with DOX of either HepG2 or FLC4 cells infected with vACE-X3, expressing all three shRNAs, resulted in a similar, although a milder effect on survival and caspase-3 activity in hypoxia relative to the knockdown of only CREB ([Figure 2](#fig2){ref-type="fig"}). These results may be due to a lower activity of the shRNAs in vACE-X3 relative to viruses expressing each shRNA individually ([Figure 2](#fig2){ref-type="fig"}).

Put together, HCC cells infected with the RCR vectors expressing the various shRNAs increase the sensitivity of cells to DOX treatment.

Effect of knockdown of CREB HIF-1 and HIF-2 on tumor growth
-----------------------------------------------------------

SCID mice were inoculated SC with HepG2 cells stably infected with either vACE-NT, vACE-CREB, vACE-HIF-1, vACE-HIF-2 or vACE-X3. The rate of growth of the tumors was monitored by a CCD camera. The results presented in [Figure 4](#fig4){ref-type="fig"} clearly demonstrate that knockdown of either CREB or HIF-1 abrogates the tumor growth. In correlation with the *in vitro* results ([Figure 3a](#fig3){ref-type="fig"}), tumor growth of cells infected with vACE-X3 was affected less than tumors infected with either vACE-CREB or vACE-HIF-1 ([Figures 4a and b](#fig4){ref-type="fig"}). Although no effect on tumor cell survival was noticed *in vitro* following knockdown of HIF-2, *in vivo* knockdown of HIF-2 did affect the growth rate of the HepG2 tumors in mice moderately ([Figure 4b](#fig4){ref-type="fig"}).

Effect of knockdown of CREB, HIF-1 or HIF-2 on VEGF and blood vessels distribution in HCC-growing tumors
--------------------------------------------------------------------------------------------------------

For histopathological analyses tumors were excised from the mice after 35 days. The hypoxic regions were detected by Hypoxyprobe technology and VEGF and blood vessels were detected by antibodies targeting VEGF or CD34. In correlation with the *in vitro* result presented [Figure 5i](#fig5){ref-type="fig"}, the expression of VEGF in tumors harboring vACE-CREB, vACE-HIF-1 or vACE-X3 was reduced dramatically ([Figure 4c](#fig4){ref-type="fig"}). This result, in agreement with the finding that both CREB and HIF-1 are essential for activation of VEGF expression,^[@bib6]^ demonstrates that infection of HCC tumor cells with the vACE-CREB, vACE-HIF-1 and vACE-X3 may serve to abolish hypoxia-mediated neovascularization in growing tumors. Similar to the *in vitro* experiments, knockdown of HIF-2 had no effect on VEGF expression in the growing HCC xenografts.

The reduction in VEGF expression by targeting CREB and/or HIF-1 is expected to diminish blood vessels growth toward the hypoxic regions. Indeed, CD34 stained blood vessels ([Figure 5](#fig5){ref-type="fig"} right panels marked red) directed toward the hypoxic regions ([Figure 5](#fig5){ref-type="fig"} left panels marked red) in tumors infected with vACE-NT or with vACE-HIF-2. However, only scant vessels were noticed in tumors infected with vACE-CREB, vACE-HIF-1 or vACE-X3. This was highlighted by correlating the amount of blood vessel staining to the level of hypoxia in these tumors (marked on the upper right corner of the right column) with a positive correlation between CD34 and hypoxia in tumors infected with vACE-NT or vACE-HIF-2 (0.16 or 0.34, respectively), and a negative correlation in tumors infected with vACE-CREB, vACE-HIF-1 or vACE-X3 (−0.11, −0.17 or −0.16, respectively).

Effect of combined treatment on tumor growth
--------------------------------------------

SCID mice were inoculated SC with HepG2 cells stably infected with either vACE-NT, vACE-CREB or vACE-X3. Tumors were allowed to grow for 2 weeks, and then mice were injected IP with DOX (20--75 mg kg^−1^) twice a week (data not shown). A concentration of 75 mg kg^−1^ was sufficient to almost completely eradicate the tumors even in vACE-NT-infected tumors ([Figure 6](#fig6){ref-type="fig"}). To assess the combined effect we used a sub-lethal dose (55 mg kg^−1^). At 6 weeks, similar to the *in vitro* findings above, tumors infected with either vACE-CREB or vACE-X3 were slower to grow. The addition of DOX reduced the growth rate of all tumors. Tumor growth measured by light emission was compared between day 42 and day 14 post inoculation. Tumors infected with vACE-NT grew 22-fold in this time period, whereas vACE-CREB- and vACE-X3-infected tumors grew by only little over two-folds. The growth rate of DOX-treated tumors infected with vACE-NT was reduced by 45%. The combined treatment of infection with either vACE-CREB or vACE-X3 resulted in about 90% reduction in tumor growth ([Figure 6](#fig6){ref-type="fig"}).

Discussion
==========

In this work we exploited two properties of tumors---propagation of tumor cells and generation of hypoxic regions within the growing tumors---to construct a system that will preferentially lead to the death of tumor cells and thus hinder tumor growth.

Tumor hypoxia is considered to be a potential therapeutic problem because it renders solid tumors more resistant to ionizing radiation and chemotherapeutic drugs.^[@bib46]^ However, the ongoing development of hypoxic regions in growing tumors provides an opportunity for tumor-selective therapies. The RCRs developed in this work infect preferentially tumor cells and knockdown the ability of tumor cell to withstand hypoxia. Moreover, the stably infected cells produce infectious RCRs that spread within the replicating cells within the tumor and thus generate an infectious knockdown of the genes controlling the hypoxia responses within the tumor. It was demonstrated that MuLV-based RCRs infect efficiently different tumors such as colorectal cancer, gliomas and others.^[@bib30],\ [@bib47],\ [@bib48],\ [@bib49],\ [@bib50],\ [@bib51]^

Infection with the RCRs described in this work established stable proviruses expressing the shRNAs that specifically and efficiently knocked down the target genes: CREB, HIF-1 or HIF-2. Under hypoxic conditions *in vitro* knockdown of CREB and/or HIF-1 gene expression by the recombinant RCRs resulted in reduced tumor cell survival, increased activation of caspase-3 and in a reduction in VEGF secretion ([Figures 2 and 3](#fig2){ref-type="fig"}). In mice, knockdown of CREB and HIF-1 resulted in attenuation of tumor growth, of VEGF secretion and of hypoxia-guided neovascularization ([Figures 4 and 5](#fig4){ref-type="fig"}). Moreover, the recombinant RCR vACE-CREB enhanced the sensitivity of HepG2 and FLC4 cells to DOX treatment ([Figure 3](#fig3){ref-type="fig"}, [Supplementary Figures 1 and 2](#sup1){ref-type="supplementary-material"}). This increased sensitivity to DOX may result from the increase in activated caspase-3 ([Figure 3](#fig3){ref-type="fig"}), possibly due to the reduction in Bcl-2 and CCN1/CYR61 that are known to be activated by CREB.^[@bib17]^

Logg *et al.*^[@bib33]^ injected MuLV-based RCR into a SC tumor in mice and 49 days later could not find MuLV (ZAPd-GFP) by PCR in a variety of organs (spleen, lung, kidney, liver or heart).^[@bib33]^ To fully validate these results, we are currently testing the spread of the recombinant viruses used in this study in our mouse model following injection adjacent to pre-formed xenografts, IV, IP both in the tumor and to other organs.

Total CREB and phosphorylated CREB proteins are both significantly elevated in HCC vs normal liver.^[@bib2],\ [@bib20],\ [@bib21]^ We have shown previously that CREB has a pivotal role in HCC tumor progression by supporting angiogenesis and rendering HCC cells resistant to apoptosis.^[@bib2]^ These findings are in agreement with the results presented in this work. We demonstrate that the knockdown of CREB affected the viability of both HCC cell lines in hypoxia. Despite the less efficient reduction in the CREB mRNA and protein levels relative to HIF-1 or HIF-2 in HepG2 cells ([Figure 2](#fig2){ref-type="fig"}), it had a more prominent effect on survival ([Figure 3](#fig3){ref-type="fig"}). The 60% reduction in CREB protein increased dramatically the activation of caspase-3 and diminished cell viability under hypoxic conditions *in vitro* ([Figure 3](#fig3){ref-type="fig"}). Even knockdown of about 45% of CREB protein in HepG2 cells by vACE-X3 resulted in a reduction in cell viability and in an increase in activated caspase-3 after 72 h of hypoxia ([Figure 3](#fig3){ref-type="fig"}). Moreover, the growth of HepG2 cells expressing shRNA targeting CREB implanted in SCID mice reduced tumor growth ([Figures 4 and 6](#fig4){ref-type="fig"}).

The role of HIF-1 in response of tumor cells to hypoxia cue is well documented.^[@bib4]^ Surprisingly, the significant knockdown of HIF-1 and HIF-2 did moderately (HIF-1) if at all (HIF-2) increase the sensitivity of HepG2 cells to the hypoxia cue *in vitro*. FLC4 cells had a similar sensitivity to CREB and HIF-1 knockdown in hypoxic conditions ([Figure 3](#fig3){ref-type="fig"}). However, FLC4 cells were more sensitive than HepG2 to DOX in normoxia and combining HIF-1 knockdown via vACE-HIF-1 and DOX in hypoxia resulted in a lower survival ([Figure 3](#fig3){ref-type="fig"}). Unlike the *in vitro* results, the growth of HepG2 tumors in mice was sensitive to the knockdown of either HIF-1 or HIF-2 ([Figure 4](#fig4){ref-type="fig"}). Tumors in which HIF-1 was knocked down had a reduced growth rate similar to tumors with reduced CREB, whereas tumors infected with vACE-HIF-2 had a more moderate but still significant attenuation of tumor growth.

HCC is one of the most vascular solid tumors, in which angiogenesis has an important role. Thus, knocking down the VEGF activator genes may affect the survival of HCC tumors (for a detailed review, see Yang and Poon^[@bib42]^). In agreement, the growth of HepG2 and VEGF expression was diminished in tumors expressing shRNA targeting HIF-1 or CREB ([Figure 4](#fig4){ref-type="fig"}).

Hypoxic areas express VEGF to attract blood vessels. When correlating the amount of hypoxia to the amount of blood vessel endothelial cells, there was a positive correlation in the vACE-NT-infected tumors, as expected. However, the knockdown of CREB, HIF-1 or both (vACE-X3) diminished the hypoxia-guided neovascularization significantly ([Figure 4](#fig4){ref-type="fig"}). We speculate that the misguided vessels have a major role in the diminished tumor growth of these tumors.

Throughout our work the efficient knockdown of HIF-2 had the smallest effect in response to hypoxia cue *in vitro* ([Figure 3](#fig3){ref-type="fig"}). However, knockdown of HIF-2 had some inhibition of tumor growth *in vivo* ([Figure 4](#fig4){ref-type="fig"}) although no significant effect on VEGF- or hypoxia-guided neovascularization was detected ([Figure 5](#fig5){ref-type="fig"}). The *in vitro* response of FLC4 and the *in vivo* response of HepG2 indicates that HIF-2 affects the response to hypoxia of HCC, albeit it is presented differently under different conditions in different cells. These results are in agreement with the results of He *et al.*^[@bib52]^ that revealed that knockdown of HIF-2 or treatment with DOX had only a minor effect on HepG2 proliferation or VEGF expression.

The fact that cells harboring a MuLV provirus cannot be superinfected by MuLV led to the need to generate an RCR vector expressing a polycistronic shRNA sequence.^[@bib36]^ Moreover, targeting three different genes, each involved in the responses of the cells to hypoxia cue, should reduce the selection for siRNA-resistant cells. In this study we demonstrate that the expression of the three shRNA from the polycistronic RNA (vACE-X3) knocked down the three target genes, increased hypoxia-induced cell death and reduced secretion of VEGF *in vitro* and *in vivo* ([Figures 2](#fig2){ref-type="fig"}). This finding suggested that the vACE-X3 may be effective in diminishing the survival of tumors cells in the hypoxic regions *in vivo*. However, although the growth of the HepG2 infected with vACE-X3 was diminished in mice relative to cells infected with vACE-NT, it was not as effective as infection of the cells with vACE-CREB or vACE-HIF-1 individually ([Figure 4](#fig4){ref-type="fig"}). This finding lead us to two avenues for further development of the system: (1) use either one of the RCR vectors vACE-CREB or vACE-HIF-1, or construct a RCR vector expressing a polycistronic shRNAs targeting only CREB and HIF-1; and (2) combining the RCRs with chemotherapy such as DOX.

It was suggested that CREB has multiple roles in drug resistance by activation of the human *mdr1* gene in HepG2 cells,^[@bib53]^ and protects tumor cells from dying by activation of the anti-apoptotic gene *bcl-2*.^[@bib17]^ Moreover, phosphorylated CREB is required for DOX-induced tumor cell death.^[@bib19],\ [@bib37]^ Here we showed that HepG2 tumor cells infected with vACE-CREB or vACE-X3 in mice were more sensitive to DOX treatment resulting in a reduction in tumor growth ([Figure 6](#fig6){ref-type="fig"}). The results presented in this work further emphasize the importance of the hypoxia-response regulators in survival of HCC, and the pivotal role of the CREB pathway in the resistance to DOX treatment. In addition, these results highlight the potential of MuLV-based recombinant RCRs in the treatment of solid tumors, both alone and in combination with chemotherapy. These results can lead to an improved efficacy and safety profile of the treatment that could result in fewer side effects, of which cardiomyopathy is a severe problem with DOX treatment.
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![A schematic presentation of the various replication-competent viruses (RCRs). (**a**) A proviral construct of pACE-GFP. (**b--f**) The IRES-GFP sequences were replaced with an H1 promoter driving the transcription of the various small hairpin RNAs (shRNA) targeting cyclic AMP-response-element binding protein (CREB) (**b**), hypoxia-inducible factor (HIF)-1 (**c**), HIF-2 (**d**), all three genes (**e**) and a non-target sequence (**f**). The DNA sequence of the various shRNAs is marked.](cgt201668f1){#fig1}

![Quantification of the efficiency of the knockdown in infected cell lines and the effect on the expression of regulated genes. Cells, HepG2 and FLC4 were infected with each of the recombinant replication-competent retroviruses (RCRs) as specified in the figure and cultured in hypoxic conditions for 24 h. Purified mRNA was quantified by real-time quantitative PCR. Levels of messenger RNA (mRNA) were normalized to mRNAs in cells infected with vACE-NT (set as 100%) (**a--c**). Proteins were quantified following western blot analysis (**g**), and band intensities were compared with those of α-tubulin and to band intensity of cells infected with vACE-NT (set as 100%) (**d--f)**. Levels of all measured mRNAs (**a**--**c**) and proteins (**d--f**) were statistically significantly lower when compared with vACE-NT-infected cells in both cell lines (*P*\<0.05). HepG2 cells infected with the various RCRs were transiently transfected with either pCRE-LUC or pHRE-LUC. Luciferase activity was determined after 48 h of exposure to hypoxia relative to cells infected with vACE-NT (presented as 100%) for each transfection. CRE (dark columns) and hypoxia-response elements (HRE) (light columns) mediated LUC activity are presented in relative light units (*P*\<0.001) (**h**). The levels of vascular endothelial growth factor (VEGF) secreted by HepG2 cells were determined by enzyme-linked immunosorbent assays as described in the Materials and methods section. The VEGF secretion levels in hypoxia relative to normoxia were normalized to the ratio in vACE-NT-infected cells (*P*\<0.01) (**i**). α-Tub=α-tubulin. Bars represent mean+s.d. for each measurement.](cgt201668f2){#fig2}

![The role of cyclic AMP-response-element binding protein (CREB), hypoxia-inducible factor (HIF)-1 and HIF-2 in protecting HepG2 and FLC4 cells from hypoxia-induced apoptosis and on the response to treatment with doxorubicin (DOX). HepG2 (**a, c**) and FLC4 (**b**, **d**) infected with each of the viruses specified in the figure were cultured for 72 h. Viability (**a**, **b**) and activation of caspase-3 (Cas3) (**c**, **d**) were determined every 24 h. The relative viability and activation of caspase-3 after 72 h of hypoxia (light gray columns), and those after treatment with 1 m[m]{.smallcaps} of DOX in normoxia (black columns) and hypoxia (dark gray columns) were normalized to cells infected with each respective replication competent retroviruses in normoxia (*P*\<0.01 for all comparisons). Bars represent mean+s.d. for each measurement.](cgt201668f3){#fig3}

![Testing the effect of cyclic AMP-response-element binding protein (CREB), HIF-1 and 2 on tumor growth *in vivo* in a mouse xenograft model. Severe combined immunodeficiency mice were implanted with 4 × 10^6^ HepG2 cells as described in Materials and methods section. Tumor growth was monitored every 7 days with the IVIS *InVivo* System. Images of light emission from representative mice taken on days 7 and 35 are presented. The same color scale was used for all mice at both time points (**a**). Relative light units (RLU) measurements were normalized to the readings on day 7 post injection and plotted along the extent of the experiment. Each point represents the mean+s.e. (**b**). At the end of the experiment, tumors were harvested for histopathological analysis. Hematoxylin--eosin staining and the corresponding vascular endothelial growth factor immunohistochemistry of tumors are presented in (**c**). ( × 4 magnification, scale bar 100 μm).](cgt201668f4){#fig4}

![Immunohistochemical analysis of hypoxia and blood vessels (CD34) of the tumors. Tumors infected with replication-competent retroviruses expressing small hairpin RNA (shRNA)-targeting genes specified on the left column were stained for hypoxia (left column) and for blood vessels (right column) as described in the Materials and methods section. It is clear that knockdown of CREB, HIF-1 and all three genes together ( × 3) abolished neovascularization within the tumors. In tumors infected with the non-target shRNA or with shRNA targeting HIF-2 blood vessel growth toward the hypoxic regions is noticed. Correlation between the amount of CD34 and hypoxia staining is presented in the top right column for each virus. ( × 10 magnification, scale bar 500 μm).](cgt201668f5){#fig5}

![Effect of combined treatment on tumor growth monitored by light emission. HepG2 cells stably expressing the *luc* gene and infected with the viruses specified above were implanted subcutaneous in severe combined immunodeficiency (SCID) mice. After 3 weeks, the mice were injected twice a week with doxorubicin (DOX) in the concentrations specified in the picture. Tumor growth was monitored by light emission as described in [Figure 4](#fig4){ref-type="fig"}. (**a**) One mouse from each group at day 42 is depicted. A scale bar of light emission is localized on the right side of the picture. (**b**) The average (+s.d.) relative tumor growth rate between days 14 and 42 is presented on each bar.](cgt201668f6){#fig6}
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